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In tro d u c tio n :
En ergy Sto rage G rid Ap p lic atio n s
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• En viro n m en talIm p ac t

• Pric e V o latility
• G reen Altern ative

• Challen ges(e.g.interm ittency )

• So lu tio n fo r severalgrid ap p lic atio n ssu c h as
renew ablesinteg ration an d T& D up g rad e
d eferral



W hy Prin c ip les fo r G reen En ergy Sto rage ?
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The integration of energy storage
systems into the grid can lead to
different environmental outcomes.

The integration of energy storage
systems into the grid can lead to
different environmental outcomes.

The outcomes depend on the grid
application, the existing generation mix,
and demand profile.

The outcomes depend on the grid
application, the existing generation mix,
and demand profile.

Principles specific to design and grid
application of energy storage systems are
developed.

Principles specific to design and grid
application of energy storage systems are
developed.

Principles can guide design, deployment and
operation of storage systems, given the
complexity and trade-offs that emerge when
integrating these systems into the grid.

Principles can guide design, deployment and
operation of storage systems, given the
complexity and trade-offs that emerge when
integrating these systems into the grid.



Case Stu d y :A Mic ro -grid Sy stem

Energy Demand, Represents “Grosse Ile, MI”
(Annual Demand: 10.6 MWh/capita, Annual

Peak Demand: 22 MW)

Vanadium
Redox Flow

Battery

Wind Turbine
Vestas (3 MW)

Natural Gas
Reciprocating
Engine (3 MW)
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This case study is used to
demonstrate selected

principles (principles# 4, 6, 7).

M. Arbabzadeh, J.X. Johnson, R. De Kleine, G.A. Keoleian, “Vanadium redox flow batteries to
reach GHG emissions targets in an off-grid configuration,” Applied Energy, vol. 146, pp.
397-408, 2015.



Catego ries o f Prin c ip les fo r D esign an d G rid
Ap p lic atio n s o f G reen En ergy Sto rage Sy stem s
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Deployment
for Grid

Applications

1-2-3-4

Operation &
Maintenance

5

Design &
Manufacturing

8-9-10-11-12

Design &
Manufacturing

8-9-10-11-12
The study is submitted as:
M. Arbabzadeh, J.X. Johnson, G.A. Keoleian, Levi T.
Thompson, Paul G. Rasmussen,“Twelve principles for green
energy storage,” EnviS c i& Tec h, Under review, Aug 2015.



D ep lo y m en tfo r G rid Ap p lic atio n s
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1. Charge clean & displace dirty.

2. Energy storage should have lower environmental impacts than
displaced infrastructure.

3. Match application to storage capabilities to prevent storage system
degradation.

4. Avoid oversizing energy storage systems.




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Exam p le
Prin c ip le 1:Charge c lean & d isp lac e d irty .

• Netu se-p hase em issio n s in d ifferen tc harge/d isp lac e sc en ario s.

Maximum use-
phase emissions

Minimum use-
phase emissions



• The im p ac to f battery sizin go n to talem issio n san d sto red elec tric ity u tilizatio n .
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Exam p le
Prin c ip le 4:Avo id o versizin gen ergy sto rage sy stem s.
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Op eratio n & Main ten an c e
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5. Maintain to limit degradation.

6. Design and operate energy storage for optimal service life.

7. Design and operate energy storage with maximum round-trip
efficiency.





• To talem issio n s o f the o ff-grid c o n figu ratio n after 20 y earsin 2 sc en ario s:

10 an d n o rep lac em en tsc en ario .
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Exam p le
Prin c ip le 6:D esign an d o p erate en ergy sto rage fo r o p tim alservic e life.

Less emissions after
20 years in case of
replacing battery



D esign & Man u fac tu rin g
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6. Design and operate energy storage for optimal service life.

7. Design and operate energy storage with maximum round-trip efficiency.

8. Minimize consumptive use of non-renewable materials.

9. Minimize use of critical materials.

10. Substitute non-toxic and non-hazardous materials.

11. Minimize the environmental impact per unit of energy service for
materials and manufacturing.

12. Design for end-of-life.

* Several principles in this category has overlaps with : P. Anastas, J. Zimmerman, “Design through the
12 principles of green engineering,” Env. Sci.&Tech., vol. 37, pp. 94A-101A, 2003.




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• Netu se-p hase em issio n s in d ifferen tc harge-d isp lac e sc en ario s,
assu m in g3 valu es fo r the battery ro u n d -trip effic ien c y

Environmental benefits are increasing by increasing the round-trip efficiency.

Exam p le
Prin c ip le 7:D esign an d o p erate en ergy sto rage with m axim u m ro u n d -trip effic ien c y .



Exam p le
Prin c ip le 11:Min im ize the en viro n m en talim p ac tp er u n ito f en ergy servic e

fo r m aterialp ro d u c tio n an d p ro c essin g.

• The red u c tio n in to talem issio n sissteep er when the
battery p ro d u c tio n bu rd en is d ec reased .
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Co n c lu sio n s & Cu rren tResearc h
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Universal principles for design and grid
application of green energy storage are
proposed.

Universal principles for design and grid
application of green energy storage are
proposed.

The application of selected principles are
demonstrated using a case study.
The application of selected principles are
demonstrated using a case study.

A systematic sustainability assessment
algorithm will be proposed to apply principles
into both development and deployment of
energy storage systems.

A systematic sustainability assessment
algorithm will be proposed to apply principles
into both development and deployment of
energy storage systems.
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Su stain ability Assessm en t

18

Therefore,
assessment is

required to resolve
the trade-offs and

improve the overall
design.

Therefore,
assessment is

required to resolve
the trade-offs and

improve the overall
design.

But they
may conflict

with each
other.

But they
may conflict

with each
other.

Principles
lead to

sustainability
improvement
individually.

Principles
lead to

sustainability
improvement
individually.



G reen En ergy Sto rage D esign Algo rithm

19

• The p rin c ip lesare
ap p lied in the d esign
algo rithm , where they
in flu en c e development
o f en ergy sto rage
tec hn o lo gy an d its
deployment in p o wer
sy stem .
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